Abstract Physical parameters of explosive eruptions are typically derived from tephra deposits. However, the characterization of a given eruption relies strongly on the quality of the dataset used, the strategy chosen to obtain and process field data and the particular model considered to derive eruptive parameters. As a result, eruptive parameters are typically affected by a certain level of uncertainty and should not be considered as absolute values. Unfortunately, such uncertainty is difficult to assess because it depends on several factors and propagates from field sampling to the application and interpretation of dispersal models. Characterization of explosive eruptions is made even more difficult when tephra deposits are poorly exposed and only medial data are available. In this paper, we present a quantitative assessment of the uncertainty associated with the characterization of tephra deposits generated by the two largest eruptions of the last 2,000 years of Cotopaxi volcano, Ecuador. In particular, we have investigated the effects of the determination of the maximum clast on the compilation of isopleth maps, and, therefore, on the characterization of plume height. We have also compared the results obtained from the application of different models for the determination of both plume height and erupted volume and for the eruption classification. Finally, we have investigated the uncertainty propagation into the calculation of mass eruption rate and eruption duration. We have found that for our case study, the determination of plume height from isopleth maps is more sensitive to the averaging techniques used to define the maximum clast than to the choice of dispersal models used (i.e. models of Carey and Sparks 1986; Pyle 1989) and that even the application of the same dispersal model can result in plume height discrepancies if different isopleth lines are used (i.e. model of Carey and Sparks 1986). However, the uncertainties associated with the determination of erupted mass, and, as a result, of the eruption duration, are larger than the uncertainties associated with the determination of plume height. Mass eruption rate is also associated with larger uncertainties than the determination of plume height because it is related to the fourth power of plume height. Eruption classification is also affected by data processing. In particular, uncertainties associated with the compilation of isopleth maps affect the eruption classification proposed by Pyle (1989) , whereas the VEI classification is affected by the uncertainties resulting from the determination of erupted mass. Finally, we have found that analytical and empirical models should be used together for a more reliable characterization of explosive eruptions. In fact, explosive eruptions would be characterized better by a range of parameters instead of absolute values for erupted mass, plume height, mass eruption rate and eruption duration. A standardization of field sampling would also reduce the uncertainties associated with eruption characterization.
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Introduction
Tephra deposits are an important source of information necessary to constrain physical parameters of explosive eruptions. In particular, the distribution of deposit thickness around the vent, which is commonly presented in the form of isopach maps, can be used to derive the erupted volume (e.g. Pyle 1989 Pyle , 1995 Legros 2000; Fierstein and Nathenson 1992; Bonadonna and Houghton 2005; Sulpizio 2005) , whereas the distribution of the largest clasts, commonly presented in the form of isopleth maps, can be used to derive the maximum plume height and maximum wind speed at the time of the eruption (e.g. Carey and Sparks 1986; Pyle 1989) . Mass eruption rate (MER) and eruption duration can be derived from different combinations of the associated results on erupted volume and column height (e.g. Wilson and Walker 1987; Sparks 1986 ).
However, constraining physical parameters of a given eruption is not straightforward and relies strongly on (a) the quality of available data, which is a direct reflection of the deposit exposure, (b) the strategy chosen to process field data, e.g. data interpretation and averaging, and (c) the particular model and combination of models used to derive eruptive parameters. As a result, eruptive parameters derived from the application of dispersal models are affected by a certain level of uncertainty and should not be considered as absolute values. Unfortunately, the level of such uncertainty is difficult to assess because it depends on several factors and propagates from field sampling to the application and interpretation of both empirical and analytical models. In this paper, we present a quantitative assessment of the uncertainty associated with the characterization of two tephra deposits generated by Cotopaxi volcano, Ecuador: layers 3 and 5 described in Barberi et al. (1995) . The objective of this paper is not model validation but a thorough analysis of uncertainty propagation from field sampling through the calculation of plume height, erupted mass, mass eruption rate and eruption duration in the case of past eruptions where tephra deposits are only partially preserved.
Cotopaxi is a young stratovolcano situated in the middle portion of the Interandean Depression in the Cordilleras of Ecuador. The stratigraphic record of the past 2,000 years contains 22 tephra layers of basaltic-andesitic to andesitic composition, mainly generated by sustained explosive eruptions of high dispersive power, high intensity, but moderate magnitudes (Barberi et al. 1995; Hall and Mothes 2008) . Layer 3 is the most voluminous pumice fallout bed of the last 2000-year activity at Cotopaxi, with an age of 820± 80 years B.P. (Barberi et al. 1995) . It also represents the most silicic event of the last 5,000 years (whole-rock composition of 62 wt% SiO 2 ; Barberi et al. 1995) . Although some smaller subunits can be defined, the main dominant Plinian deposit is a well-sorted pumice bed, bearing sub-centimetric lithic fragments of andesitic lavas. Layer 5 is a black scoriaceous lapilli fallout with an age of 1,180±80 years B.P. (Barberi et al. 1995) . This bed, with clasts having a whole-rock silica content of 58 wt.% is characterised by an abundance of grey lava lithics (Barberi et al. 1995) .
In order to quantify the uncertainty associated with the characterization of layers 3 and 5 of Cotopaxi volcano, we have assessed the influence of different clast-averaging techniques for the compilation of isopleth maps on the estimation of column height, MER, duration and eruption style. We have also assessed the discrepancies resulting from the application of different empirical and analytical models for the calculation of plume height (Carey and Sparks 1986; Pyle 1989 ) and erupted volume (Pyle 1989; Fierstein and Nathenson 1992; Bonadonna and Houghton 2005; Connor and Connor 2006) . For simplicity, discrepancies between two values are calculated as percentage errors and are here defined as very low (<10%), low (10-20%), moderate (20-50%), large (50-100%) and very large (>100%). This project complements the effort of the IAVCEI Commission on Tephra Hazard Modelling for the standardization of fieldbased techniques (http://www.ct.ingv.it/Progetti/Iavcei/).
Compilation of isopach and isopleth maps
The compilation of isopach maps relies mainly on the quality of the deposit exposure. In contrast, the compilation of isopleth maps also relies on the definition of maximum clast, which is based on the size characterization of the largest pumices and lithics found in a given outcrop. The implications of such a definition are addressed in the work of the IAVCEI Commission on Tephra Hazard Modelling (report of the 2006 CTHM workshop: Field measurements for the characterization of tephra deposits, http://www.ct.ingv.it/Progetti/Iavcei/ report1.htm). Sparks et al. (1981) have shown that the geometric mean of the three axes of the five largest clasts is 1.5 times larger than the value associated with the coarsest 1% of the total grainsize distribution of the 1,875 eruption of Askja volcano (Askja D, Iceland) . In this paper we focus on the effects of different averaging techniques on the compilation of isopleth maps and, as a result, on the determination of plume height using the models of Carey and Sparks (1986) and Pyle (1989) . Different authors have used different averaging techniques and different sampling strategies for the measurement of the maximum size of clasts and the compilation of isopleth maps (see Fig. 1 and Appendix 1), which inevitably lead to non-unique determinations of plume height. As an example, Barberi et al. (1995) have shown that the average of the maximum axis of the 3 largest clasts collected from a 2-m length exposure and excavating 5 cm of the deposit underestimates the crosswind range of Carey and Sparks (1986) by 20-40% with respect to an isopleth map compiled averaging the maximum axis of the 5 largest clasts sampled over 0.5 m 2 depositional area (i.e. larger sampled volume). Carey and Sparks (1986) have also shown that the estimate of plume height strongly relies on contouring assumptions (i.e. contouring of maximum or average values).
Isopleth lines presented in this study are based on the contouring of maximum values of the estimate of largest clasts (Carey and Sparks 1986) . Figure 1 and Appendix 1 show how most authors base the compilation of isopleth maps on the mean of the maximum axis of the five largest clasts (29% of all references) and a sampling area of 0.5 m 2 (15%). However, some authors prefer to use an average value of the three main axes of a clast. Both the arithmetic mean and the geometric mean are used to calculate an average axis value, although the arithmetic mean is more commonly used. The use of the geometric mean for the compilation of isopleth maps was firstly introduced by Sparks et al. (1981) . In fact, the geometric mean of a given clast represents the diameter of the equivalent sphere and therefore it is considered more suited for the application of empirical models based on the assumption of spherical particles. Regardless of the sampling area, 60% of authors used the 1-axis technique, 27% used the 3-axes technique and 13% did not specify the technique used (Fig. 1) . The number of clasts considered to represent the whole population of the outcrop also varies. Most authors considered the five largest clasts (48%), whereas some used three clasts (23%) or three to five clasts (10%). Therefore, the mean value of the maximum axis of three clasts is being used in 25% of the cases, the mean value of the maximum axis of five clasts in 29% of the cases, the mean value of the maximum axis of three to five clasts in 8% of the cases and the mean value of the three main axes of five clasts in 19% of the cases. Finally, 15% of the authors use a depositional sampling area of 0.5 m 2 , but this parameter is not specified in most of the cases (65%).
As a result, we have chosen to compile different isopleth maps based on the following averaging techniques (clasts were always sampled from a 0.5 m 2 area): maximum axis of the three (1/3) and the five (1/5) largest clasts; arithmetic mean of three axes of the three (3/3A), five (3/5A), and ten (3/10A) largest clasts; the geometric mean of three axes of the three (3/3G), five (3/5G) and ten (3/10G) largest clasts; the 50th percentile of a population of 20 clasts. Figures 2  and 3 show that our isopach and isopleth maps are consistent with the results of Barberi et al. (1995) with the same observed westward prevailing wind. The dense vegetation did not allow any sampling on the east flank of the cone, so all the lines were closed using the same upwind constraint. Size values for the largest lithic clasts (cm) are specified in Appendix 2 for each outcrop.
The technique of using the 50th percentile of a 20 clasts population (equivalent to the median value) was firstly applied by the IAVCEI Commission on Tephra Hazard Modelling during a January 16-18 2006 pre-conference workshop in Salcedo, Ecuador, associated with the conference Cities on Volcanoes 4 (http://www.ct.ingv.it/Progetti/ Iavcei/report1.htm). Several groups of participants were assigned to collect the 20 largest clasts from a single outcrop. When the 20-clast collections for different groups were compared, it was found that while median values were very similar, there was considerable divergence among sizes of largest clasts. Measuring the average of the three axes of the smallest of the tenth largest clasts could thus be an alternative method to the choice of the maximum clast, as it provides more stable results over a given outcrop, it is not affected by the presence of potential outliers and takes less time. As shown by values or recorded maximum clast size than do other techniques, and some work still needs to be done in order to calibrate the method. Given that we did not characterize the 50th percentile at all outcrops during our fieldwork, we tested this technique by deriving the ratio between the 50th percentile and the value for 3/5A at the only outcrop where the 50th percentile for both layers 3 and 5 was characterized (see Fig. 3 ). The ratio of those two techniques on an average of both layers shows that the 50th percentile produces values 23% lower than the 3/5A technique. Assuming that this ratio is maintained at all outcrops, we then calculated the 50th percentile for all other outcrops and compiled isopleth maps for the 50th percentile technique for both layers. As a result, the analysis of the 50th percentile has to be considered as an approximation of individual values, but can provide important general insights on the calibration of this new method. A comparison of 1-axis and 3-axes techniques reveals only a low level of discrepancies (average of both layers, three and five clasts and arithmetic and geometric means), with the 1-axis techniques showing more variable results than the 3-axes techniques ( Table 1 ). The number of clasts considered also has an impact on the shape of the resulting isopleth lines. The levels of discrepancy resulting from the application of the 3/5A technique are very low when compared to the 3/3A technique, and low when compared to the 3/10A technique. Downwind and half-crosswind ranges decrease with an increasing number of clasts. The impact of the averaging technique (i.e. arithmetic mean vs geometric mean) is relatively limited, and shows very low discrepancies for all methods considered. Finally, the 50th percentile of the 20-clasts population shows low to moderate discrepancies compared to the 3/5A technique ( Fig. 3) .
Column height
The heights of the eruptive columns associated with layers 3 and 5 were determined applying both the model of Carey and Sparks (1986) and Pyle (1989) to the isopleth maps shown in Fig. 3 . The maximum height above the volcano was determined by subtracting the mean field sampling altitude (i.e. 3,500 m) from the value obtained with these models. The model of Carey and Sparks (1986) is based on the fact that the clast dispersion around the vent mainly depends on the plume height and the wind speed. As a result, the downwind and crosswind ranges of the isopleth maps (i.e. the maximum length and the half width of a given contour) can be used to derive both maximum plume height and wind speed at the time of the eruption. Given that the model of Carey and Sparks (1986) predicts an exponential dependence of clast size on distance from the vent, the decreasing trend of clast sizes with distance from vent can be described by straight lines on semi-log plots of diameter of maximum clasts vs square root of the area of the associated contour. By fitting an empirical function, Pyle (1989) found that the level of neutral buoyancy of the volcanic plumes could be related to the maximum clast half-distance (b c ) for winds lower than 30 m/s.
The model of Carey and Sparks (1986) is based on the geometry of the isopleth contours, whereas the model of Pyle (1989) is based on the area within individual isopleth contours. However, given that the averaging techniques used to compile isopleth maps control both the geometry and the areas associated with a given contour, both models strongly rely on the averaging technique chosen. Figure 4 , Appendices 3 and 4 show the spread resulting from the application of Carey and Sparks (1986) to different clast diameters, with the 0.8 and 1.6 cm isopleths showing similar values (very low discrepancies-within 3% for all averaging techniques and both layers) and the 3.2 and 6.4 cm isopleths always producing a lower plume height (in the range of low discrepancies). Most of our following comparisons are based on the 1.6 cm isopleth line, because it is the only one available for both layers and all averaging techniques. Moreover, to keep our calculations consistent between the two layers and to avoid biasing towards small values, the 10-clasts mean and the 50th percentile techniques were included only where specified. Plume heights inferred with the model of Pyle (1989) for the windy case are always larger than plume heights inferred with the model of Carey and Sparks (1986) (low and very low discrepancies for layers 3 and 5 respectively, averaged over all techniques and using a mean value of all isopleth lines; grey line in Fig. 4) . However, the average of both models gives similar results for all averaging techniques (Table 2) . Discrepancies for the plume height indicated by the averaging techniques are low and very low for the methods of Pyle (1989) and Carey and Sparks (1986) respectively (average of both layers and all isopleth lines; grey line in Fig. 4) .
The column height derived with Carey and Sparks (1986) using the 50th percentile shows low discrepancies compared to the value obtained using the 3/5A technique (using the 1.6 cm isopleth line only and averaging both layers).
Mass eruption rate (MER)
MER associated with layers 3 and 5 was determined by applying the model of Wilson and Walker (1987) . Specifically, we have applied an empirical equation modified for basaltic-andesitic magmas, which are typically characterized by higher temperatures than more silicic plumes and therefore are more buoyant (i.e. we used an empirical Figure 5, Appendices 3 and 4 show that discrepancies of MER associated with plume height derived using different averaging techniques are moderate for the method of Pyle (1989) and Carey and Sparks (1986) applied to the 1.6 cm line, and large for the method of Carey and Sparks (1986) applied to the 3.2 cm line (average of both layers). The average discrepancy between MER derived from plume heights based on the method of Carey and Sparks (1986) and Pyle (1989) is moderate for both layers (average of all isopleth lines; grey line in Fig. 5 ). Finally, comparing MER derived from the 0.8 and 1.6 cm lines with those derived from the 3.2 and 6.4 cm lines results in a range of low to large discrepancies (Carey and Sparks 1986) , including both layers and all averaging techniques. In general, discrepancies in the plume height result in 70% higher discrepancies in the MER. MER inferred based on the 50th percentile is smaller (moderate discrepancies) than the MER based on the 3/5A technique (using the 1.6 cm isopleth line only and averaging both layers).
Erupted volume
The determination of erupted volume is typically based on the information retained within the isopach maps. However, given that the data acquisition for isopach maps is of less complexity than for isopleth maps, we focused our uncertainty analysis on the application of different models. In particular, we have applied the model of Pyle (1989) , based on the assumption of exponential thinning of one segment, the model of Fierstein and Nathenson (1992) based on the exponential thinning of two segments, the model of Bonadonna and Houghton (2005) , based on the assumption of power-law thinning and the analytical solution of Connor and Connor (2006) . The model of Pyle (1989) is based on the preliminary observation of Fig. 4 Column heights (Ht) obtained with the method of Carey and Sparks (1986) for the 0.8, 1.6, 3.2 and 6.4 cm isopleth lines and the method of Pyle (1989) . The grey line shows the mean of all values derived from Carey and Sparks (1986) method Thórarinsson (1954) that both thickness and grainsize of tephra deposits mostly follow an exponential decay with distance from the vent. However, analytical models and detailed field studies have recently shown that the thinning of well-preserved deposits can be either described by four exponential segments or by a power-law fit on a semi-log plot of thickness vs square root of isopach areas (Pyle 1995; Bonadonna et al. 1998; Bonadonna and Houghton 2005) . Although both methods are based on empirical curve fitting of field data plotted on semi-log plots of thickness vs square root of the area of the corresponding isopach contour, they can yield very different values for erupted volume. In particular, the exponential method applied to poorly exposed deposits can significantly underestimate the erupted volume, whereas the power-law method applied to widely dispersed and not well-exposed deposits can significantly overestimate the volume (Bonadonna and Costa 2010) . Both methods must therefore be applied with care. Our dataset includes 6 isopach lines for Layer 3 (180, 150, 100, 80, 50, 20 cm) and 6 for Layer 5 (100, 50, 30, 20, 10, 5 cm), which represents mainly the medial deposit (Fig. 2) . The lack of proximal data is due to the ice cap on the summit of the Cotopaxi volcano, which has also resulted in generation of numerous lahars and, therefore, reworking of proximal deposits, whereas the distal deposit is not preserved or is covered by vegetation. Only one straight segment is evident for Layer 3, whereas we could also identify a more proximal segment for Layer 5 (Fig. 6) .
As expected, volumes calculated with the power-law method are larger than those calculated with the exponential technique ( Table 4 ). The volume resulting from the exponential technique applied to the two segments of Layer 5 is 29% larger than the volume resulting from the integration of only one segment. Finally, the volume associated with Layer 3 is more sensitive to the choice of the distal extreme of integration required by the power-law technique than the volume associated with Layer 5. This is due to the fact that Layer 3 is more widely dispersed than Layer 5, which results in different power-law exponents (1.76 and 2.11 respectively). Bonadonna and Costa (2010) have shown that the application of the power-law method to Table 2 Average values of column height (km) as derived by applying the methods of Carey and Sparks (1986) and Pyle (1989) to all isopleth maps of Fig. 3 . The error range is the median of the difference between the maximum (Pyle 1989) and the minimum (Carey and Sparks 1986 Fig. 5 Mass eruption rates calculated using the method of Wilson and Walker (1987) adapted for basaltic-andesitic eruptions, for all column heights obtained in Fig. 4 . The grey line shows the mean of all values derived from the method of Carey and Sparks (1986) tephra deposits with power-law exponents <2 is problematic and characterized by larger uncertainties. The erupted volume can also be derived from the analytical inversion of field data, which bypasses the issue of data contouring. In particular, analytical models for tephra dispersal can be combined with inversion strategies in order to determine specific eruptive parameters. As an example, we have applied the method of Connor and Connor (2006) based on the combination between the advection-diffusion model TEPHRA2 (Bonadonna and Houghton 2005; Connor and Connor 2006) and the downhill simplex method to find the optimized set of eruptive parameters to describe a given tephra deposit. The optimized set of parameters is determined by the goodness of fit between observed and computed mass accumulation per unit area, which is determined on the basis of the root mean square error (RMSE). Figure 7 shows a minimum in the RMSE (dark brown zones) for a mass between 1.4-1.7×10 12 and 0.6-1.1×10 12 for Layer 3 and Layer 5 respectively (within 20% RMSE variation). Inversion runs were carried out first for plume heights ranging between 20 and 36 km (2 km steps) and erupted mass between 10 10 -10 14 kg for Layer 3 and 10 10 -10 13 kg for Layer 5. Our results confirm that the erupted mass can be better constrained than the plume height, as already shown by Volentik et al. (2010) and Bonadonna and Costa (2010) . A second set of runs was carried out using refined ranges of eruptive parameters. Based on empirical results, plume heights were reduced to a range of 25-35 km, and the range of erupted mass was reduced between 0.5-10×10 12 kg and 0.1-5×10 12 kg for Layer 3 and Layer 5 respectively (based on previous inversion analysis). Results are an erupted mass of 1.7× 10 12 kg for Layer 3 (with a corresponding column height of 29 km) and 0.6×10 12 kg for Layer 5 (with a corresponding column height of 32 km) which can be converted into volumes of 2.4 km 3 and 0.5 km 3 for Layer 3 and Layer 5 respectively (Table 4) . Resulting plume heights are in good agreement with the empirical results shown in Table 2 . Erupted masses were converted to erupted volumes using bulk densities of 700±24 kg/m 3 and 950±85 kg/m 3 for layers 3 and 5 respectively as measured in the field.
Duration
The duration of volcanic events is an important parameter in the field of risk assessment, but often difficult to derive. Estimates of past eruption durations can be valuable inputs for forecasts of future activity. We quantified the variability of eruption durations as calculated from the combination of MER (Fig. 5, Table 3 ) and erupted mass resulting from the application of both empirical (Pyle 1989; Fierstein and Nathenson 1992; Bonadonna and Houghton 2005) and analytical models (Connor and Connor 2006) (Table 4) . Figure 8 and Table 5 show the eruption duration values calculated from the mean MER obtained from plume heights derived using Pyle (1989) and Carey and Sparks (1986) . Durations derived from plume heights calculated with the method of Carey and Sparks (1986) applied to the 0.8 and 1.6 cm isopleth lines show very low discrepancies with the duration averaged for all values of plume height and mass. Minimum and maximum durations of eruption were calculated by combining the highest and lowest values of MER and erupted mass, i.e. Pyle (1989) for plume height and the exponential 1-segment method for the erupted volume (minimum), and Carey and Sparks (1986) for plume height and the power-law method with ffiffiffiffiffiffiffiffi ffi A dist p ¼ 500 km for the erupted volume (maximum). Discrepancies between minimum and maximum durations are large to very large, for both layers and compared both with analytically and empirically derived masses.
Eruption classification
Explosive eruptions can be classified by eruption style based on quantitative thinning and grainsize parameters (Walker 1971; Pyle 1989) , magnitude and intensity scales (Pyle 2000) and Volcanic Explosivity Index (VEI; Newhall and Self 1982) . However, all methods strongly rely on field data and therefore do not always give unique answers. Figure 9 shows that both layers are at the limit between subplinian and Plinian activities, with the 1-axis technique resulting in a lower b c /b t ratio. In fact, both layers are classified as Plinian based on the 1-axis technique and subplinian based on the 3-axes technique (Fig. 9 ). Intensity and magnitude indices derived from all MER and erupted masses vary between 10.6 and 11.2 and between 4.3 and 5.2 respectively (very low discrepancies; Tables 6 and 7 ). Figure 10 shows that the VEI classes can vary depending on the technique chosen for the calculation of erupted volume.
As an example, Layer 3 has a VEI 4 when the volume is calculated with the exponential technique and VEI 5 when power-law and inversion techniques are used.
Discussion

Determination of eruptive parameters
Our results confirm the difficulty of deriving unambiguous values for eruptive parameters such as plume height, erupted volume, MER and eruption duration. This is because different sampling and data-processing strategies are used to characterize tephra deposits, and different empirical and analytical models are applied to determine eruptive parameters. In addition, even individual models can result in a range of values as opposed to an absolute value (e.g. application of the method of Carey and Sparks (1986) to different isopleth lines for the determination of plume height). Given that different strategies of data processing and different models are based on different assumptions, it is important to have a critical analysis of their application based on the type of deposit/eruption considered and on the purpose of the analysis. As an example, the method of Carey and Sparks (1986) should only be applied to products of sustained eruptions because it is based on plume velocities typical of Plinian eruptions. Even for sustained eruptions, it is still more realistic to provide for a given tephra deposit, and therefore a given eruptive event, a range of values for plume height, erupted volume, MER and eruption duration more than a single value. In fact, though we can recommend optimal field strategies and data-processing techniques to be used, the use of any single empirical model for the determination of eruptive parameters can provide misleading results.
Data processing vs dispersal models
A reliable characterization of eruptive events always starts with a thorough characterization of tephra deposits, which is based on a good sampling strategy. The application of empirical and analytical models for the determination of eruptive parameters relies on good deposit exposure and a uniform distribution of field data, which is not always ) calculated with the method of Wilson and Walker (1987) adapted for basaltic-andesitic eruptions and applied to values in Table 2 Layer We have shown that differences among sampling techniques and in data processing can result in larger discrepancies in calculated plume heights than does the application of different dispersal models. As an example, the 1.6 cm isopleth line of Layer 5 shows a 16% variation in calculated plume heights resulting from the use of different techniques for calculating largest clast sizes for isopleth construction (here between the 1/3 and 3/10G techniques; Fig. 4 ), whereas the discrepancy resulting from the use of different empirical models (Carey and Sparks 1986; Pyle 1989 ) is only 5% (considering Layer 5 and using all isopleth lines). In applying the model of Carey and Sparks (1986) the error range resulting from the use of the different isopleth lines is 20% and 6% for layers 3 and 5 respectively. Still using the 1.6 cm isopleth line only, the 1-axis averaging techniques (1/3, 1/5) results in a 5% and 6% discrepancy with respect to the 3-axis techniques (3/3A, 3/5A) for layers 3 and 5 respectively. The use of geometric mean as opposed to the arithmetic mean of the 3-axes (3/3A, 3/5A vs 3/3G, 3/5G) only results in a discrepancy of 3% and 1% for layers 3 and 5 respectively. The number of clasts considered (3/3A, 3/3G vs 3/5A, 3/5G) results in a discrepancy of 6% and 2% for layers 3 and 5 respectively. Ten clasts were only available at a few outcrops of Layer 5 and show a discrepancy of 9% with respect to the 3-clast technique.
We consider that standardization of field strategies and data processing to characterize the "maximum clast size" used in isopleth construction has become crucial. Considering that the maximum clast is used in a dispersal model that is based on the assumption of spherical particles (Carey and Sparks 1986 ), a clast characterization based on the geometric mean of the three orthogonal axes should be favored. The use of the 50th percentile introduced by the IAVCEI Tephra Commission represents a good alternative because it eliminates the problem of outliers and results in a more stable characterization across a certain outcrop than the average of a few clasts. However, the use of the 50th percentile for the determination of plume height still needs to be accurately calibrated with the method of Carey and Sparks (1986) before it can be safely applied. By definition, the 50th percentile would return lower values of plume heights as it is associated with lower values of largest clasts. As an example, the 50th percentile applied to the 1.6 cm isopleth line results in a plume height that is 6% and 13% lower than the plume height derived from the 3/5A technique for layers 3 and 5 respectively.
In addition, our results confirm that the application of the method of Carey and Sparks (1986) Layer 5 Fig. 9 Eruptions styles as defined by Pyle (1989) , based on thickness and maximum clast half-distances Table 5 Eruption duration (min) derived by dividing erupted mass by mass eruption rate. Results obtained using values of erupted mass derived from empirical (Fierstein and Nathenson 1992; Pyle 1989; Bonadonna and Houghton 2005) and analytical (Connor and Connor 2006 ) models are shown. Mass eruption rate is determined with the method of Wilson and Walker (1987) from plume heights calculated following Carey and Sparks (1986) and Pyle (1989 Pyle (1989) isopleth lines results in lower plume heights than the application to the 1.6 and 0.8 cm isopleths as already shown by Papale and Rosi (1993) and Rosi (1998) . The 3/ 3A technique for Layer 5 is the only case where all isopleth lines are available (see Fig. 3 ) and shows that column heights calculated from the 3.2 and 6.4 cm isopleth lines are 8% lower than those resulting from calculations on the 0.8 and 1.6 cm. In fact, the sedimentation of the 6.4 and 3.2 cm clasts is more likely to be affected by the complex plume dynamics than the sedimentation of the 1.6 and 0.8 cm clasts, which are typically carried up to the umbrella cloud.
As a result, we consider the application of the method of Carey and Sparks (1986) to the 1.6-0.8 cm clasts more reliable than its application to the 6.4-3.2 cm clasts. The application of different dispersal models for the determination of erupted mass can result in even larger discrepancies than for the determination of plume height (Table 5 ). The percentage difference of the volume calculated by integrating one exponential segment versus the application of inversion techniques is 75% and 60% for Layer 3 and Layer 5 respectively. Similarly, volumes resulting from the power-law method with a distal integration limit of 300 km are 38% and 40% smaller than those obtained with the inversion techniques (for Layer 3 and Layer 5 respectively). The application of the method of Connor and Connor (2006) is expected to be more reliable for the determination of erupted mass because it bypasses the data-contouring steps and because it is based on a physical model for the description of tephra dispersal as opposed to empirical extrapolations of field data (Pyle 1989; Fierstein and Nathenson 1992; Bonadonna and Houghton 2005) . However, apart from requiring a more sophisticated computation than the application of empirical models, a sensitivity analysis of such a strategy as applied to a range of data distributions and eruptive styles still needs to be carried out. We note that the application of inversion techniques to grainsize data, rather than to mass/ area data, seems to lead to a better constrain of both erupted mass and plume height (Volentik et al. 2010 ).
Propagation of error and reproducibility of results
Given that MER and the duration of the sustained phase of an eruption are typically derived from the calculated plume height and the erupted mass, it is important to investigate the effect of error propagation. MER is related to the 4th-power of the plume height. As a result, considering Layer 5 only, the average discrepancies in the estimate of plume height related to data processing of the 1.6 cm isopleth line (16%) leads to an average discrepancy of 50% in the estimate of MER, whereas the average discrepancy related to the application of different dispersal models (5%) leads to a MER discrepancy of 20%. Our study is limited to the application of the model of Wilson and Walker (1987) for the derivation of the MER, and different discrepancies would result if applying different models (e.g. Sparks 1986 ), even though the fourth-power relationship exerts the major control on error propagation. If we combine the discrepancies in calculated MER with the discrepancies associated with the determination of the erupted mass, we find a maximum discrepancy in the determination of the eruption duration of 84% (ignoring values derived from (Connor and Connor 2006) 5.2 4.7
NS non specified, AM arithmetic mean, GM geometric mean the inversion technique of Connor and Connor 2006) . In order to minimize discrepancies in the determination of plume height and MER, a standard characterization of tephra deposits should be introduced. In particular, even though we should still provide a range of parameters based on the application of different dispersal models, an effort should be made to adopt a standard technique for the determination of the largest clasts.
Eruption classification
Eruption classification may be based on the variation of maximum clast-size and deposit thinning with distance from the vent and on the erupted volume (Newhall and Self 1982; Pyle 1989 Pyle , 2000 , and is therefore affected by the field sampling technique adopted. Figure 9 shows how both Layer 3 and Layer 5 are classified as Plinian based on the 1-axis technique and as subplinian based on the 3-axis technique for the compilation of isopleth maps. Similarly, Figure 10 shows how Layer 3 can be classified as VEI 4 or 5 depending on the model used to derive the erupted mass (Fig. 10) .
Volcanic eruptions can also be compared through the use of the magnitude and intensity scales (Pyle 2000) , which are based on the erupted mass and the MER respectively. Even though both the VEI classification and the magnitude index have logarithmic scales, the magnitude index is continuous and therefore provides a better characterization of the variability of erupted volume. By using all values of erupted mass and MER, the variability in both calculated magnitude and calculated intensity shows moderate to large discrepancies.
Conclusions
A comprehensive characterization of explosive eruptions relies on a detailed study of tephra deposits. Based on our systematic investigation of Layer 3 and Layer 5 of Cotopaxi volcano, we can conclude that:
1. Explosive volcanic eruptions are better characterized by a range of values for plume height, MER, erupted volume and eruption duration derived by the application of different dispersal models as supposed to a single set of absolute values. 2. The range in calculated plume heights is <20% for all averaging techniques and models used. 3. The determination of plume height from isopleth maps is more sensitive to the averaging technique used to compile isopleths maps than to the choice of dispersal models considered (e.g., Carey and Sparks 1986; Pyle 1989 ). 4. 1-axis averaging techniques overestimate plume heights by 6% with respect to 3-axis techniques (average of both layers).
5. 3-clast averaging techniques overestimate plume heights by 2% with respect to 5-clast techniques and by 9% with respect to 10-clasts techniques (Layer 5 only). 6. Plume heights derived applying the method of Pyle (1989) are 9% higher than plume heights derived applying the method of Carey and Sparks (1986) (average on both layers). 7. Plume heights derived applying the method of Carey and Sparks (1986) on the 3.2 and 6.4 cm isopleth lines are 10% lower than plume heights derived using the method of Carey and Sparks (1986) on the 0.8 and 1.6 cm isopleth lines (average of both layers). 8. In our case study, the erupted mass derived from inversion techniques is typically larger than the erupted mass derived from empirical fits. 9. Determination of MER is related to the 4th power of the plume height. Average discrepancies for both layers associated with clast-size averaging techniques and different dispersal models are within 50% and 20% MER discrepancies respectively. 10. Calculated eruption duration relies on the determination of both MER and erupted mass and shows an average final discrepancy of about 40% (average of both layers). 11. Eruption classification based both on the erupted mass (VEI) and on the distribution of maximum clasts (Pyle 1989 ) is sensitive to the choice of the dispersal model used and to the compilation of isopleth maps. In contrast, magnitude and intensity indexes provide more consistent results.
Based on our results, we recommend that:
-Averaging techniques and sampling areas considered for the compilation of isopleth maps should be standardized in order to reduce the large variations in modeled plume height that result from different clastsize measurement strategies, which then feed through via MER to estimates of eruption duration and to eruption classification. -The physical constrain of intense eruptions (i.e. eruptions associated with widespread tephra fall deposits) should be used to constrain the integrated application of different empirical and analytical models.
Intense and large-magnitude eruptions are more difficult to characterize in terms of erupted mass and eruption classification than are small eruptions.
Appendix 1 Table 10 Summary of column heights and mass eruption rates for Layer 3. MER was derived using Wilson and Walker (1987) Pyle (1989) 9.0 9.0 5.2 4.8 -6.6 6.6 --6.9 6.9 6.9
Av. AT1 Average over all averaging techniques, Av. AT2 Average over all averaging techniques, except 50th percentile, Av. AT3 Average over all averaging techniques, except 50th percentile and 10-clast, C&S (1986) Carey and Sparks (1986) 
